The molecular mechanisms regulating the cell fate decision between self-renewal and differentiation/apoptosis in stem and progenitor cells are poorly understood. Here, we report the first comprehensive identification of genes potentially involved in the switch from self-renewal toward differentiation of primary, non-immortalized erythroid avian progenitor cells (T2EC cells). We used the Serial Analysis of Gene Expression (SAGE) technique in order to identify and quantify the genome fraction functionally active in a self-renewing versus a differentiating cell population. We generated two SAGE libraries and sequenced a total of 37 589 tags, thereby obtaining the first transcriptional profile characterization of a chicken cell. Tag identification was performed using a new relational database (Identitag) developed in the laboratory, which allowed a highly satisfactory level of identification. Among 123 differentially expressed genes, 11 were investigated further and for nine of them the differential expression was subsequently confirmed by real-time PCR. The comparison of tag abundance between the two libraries revealed that only a small fraction of transcripts was differentially expressed. The analysis of their functions argue against a prominent role for a master switch in T2EC cells decision-making, but are in favor of a critical role for coordinated small variations in a relatively small number of genes that can lead to essential cellular identity changes.
Introduction
Homeostasis in the hematopoietic system is required in all vertebrates throughout life and needs a tight regulation of decisions between proliferation, apoptosis and differentiation of hematopoietic progenitors. All hematopoietic cells originate from hematopoietic stem cells (HSCs) (Weissman, 2000) . HSCs proliferate without losing developmental potential or entering in differentiation pathways through a process called selfrenewal (Watt and Hogan, 2000) . In the hematopoietic system, self-renewal is generally considered to be a specific property of the HSC (Weissman, 2000) , but neither the daily generation of 200 Â 10 9 red cells nor stress erythropoiesis can easily be explained by this idea. Thus, the hypothesis that other less immature progenitors can self-renew has been proposed (Gandrillon et al., 1999; Bauer et al., 2001) , enabling the use of these progenitors to study the molecular basis of self-renewal.
The comprehension of the normal self-renewal process is a key point in understanding the mechanisms governing the proliferation of cancer cells, since the cancer can be considered as occurring through a deregulated self-renewal process (Reya et al., 2001; AlHajj et al., 2004; Keith, 2004) .
Despite the discovery of molecular stem cell signatures by expression profiling (Ivanova et al., 2002; Ramalho-Santos et al., 2002) , the molecular mechanisms governing decisions between self-renewal and commitment/differentiation remain largely unknown. Indeed, a recent comparison of the results obtained by Ivanova and co-workers and by Ramalho-Santos and co-workers with a new stem cells expression analysis shows a very little overlap between the genes identified by the different groups (one gene common to all) (Fortunel et al., 2003) . This open the question as to whether a unique set of 'stemness' genes expressed in all stem cells really exists. Alternatively, different stem cells might express different sets of genes. The variability among the three studies in starting cell populations, analysis algorithm and microarray could (at least partially) explain the differences (Ivanova et al., 2003) .
Thus, the use of suitable cellular models, in which sufficient numbers of normal, homogenous progenitors can be analysed in either a self-renewal or a differentiation state is essential to approach the question of 'stemness'.
We have devised a cellular model system in which selfrenewal can be investigated (Gandrillon et al., 1999) . Normal immature erythroid progenitors (T2EC cells) can be maintained (>30 days) in proliferation without overt differentiation and can be induced to terminally differentiate into fully mature erythrocytes at any time. Despite their self-renewal capacity, T2EC cells are restricted to the erythroid lineage (Gandrillon et al., 1999; Dazy et al., 2003) . This monopotency is an advantage for the study of self-renewal, since the molecular changes governing the choice between selfrenewal versus differentiation will not be blurred by changes characteristic for lineage choices during commitment. In addition, T2EC cells are a very interesting model in the area of research concerning the links between self-renewal regulation and cancer, since chicken cells are well known as a major oncogene transformation model.
We decided to explore the molecular basis of the selfrenewal ability of T2EC cells using the global transcriptomic approach called Serial Analysis of Gene Expression (SAGE) (Velculescu et al., 1999) . SAGE has been applied to numerous species, but as of now, it has never been used for analysing chicken cells. We have created a tool called Identitag, which can be used for tag identification in any species. The use of Identitag to analyse the SAGE libraries generated from T2EC cells either in a self-renewal state or induced to differentiate for 24 h allowed us to obtain the first exhaustive comparison of gene expression variations observed in an immature erythroid progenitor in two different physiological states.
Our experiments allowed us to generate a list of 123 differentially expressed genes, some of which were further validated independently by real-time RT-PCR. Among those, the Sca-2 gene was further shown to be a target of TGF-b signalling in our cells. The global analysis of gene functions reveals that no functional category was evidenced as being significatively either upor downregulated during the first 24 h of T2EC cells' differentiation process, suggesting that the switch from self-renewal toward differentiation could be controlled by the coordinated expression variations of a relatively small number of genes. We have identified several interesting candidate genes, most of which were unexpected and their functions are actually under investigation.
Results

Chicken erythrocytic progenitor libraries
We prepared RNA samples from two cell cultures, one of self-renewing T2EC cells and one of T2EC cells induced to differentiate for 24 h. Both cultures were originated from the same cell preparation and divided just before the onset of differentiation. The differentiation process was validated by real-time PCR quantification of b A globin mRNA, before proceeding with the construction of the libraries (data not shown).
A total of 37 589 tags were obtained from both libraries (Figure 1a ): 17 853 from the self-renewing library (SR) and 19 736 from the differentiating library (Di). The G þ C content of the libraries was consistent with the known overall G þ C content in chicken genes (42.27%; Vinogradov, 1998) . The amount of repeated ditags was increased in the Di library suggesting that a reduction in complexity could accompany the differentiation process.
The number of different tags in the SR and the Di library was 7935 and 9617, respectively. Tags detected only once accounted for 75% of the transcripts in each library (75.1% in SR, 75.6% in Di).
Ultimately, we obtained 4092 tags appearing more than once when both libraries were pooled together. Those 4092 were conserved for further analysis (see below).
The overall structure of the transcriptome was well preserved with the expected frequency distribution (Figure 1b) .
Differential comparison between tags abundance
In order to perform an estimate of the variation in tag frequency between our two libraries, we calculated the probability (p) that the variation observed in the The values for the total number of ditags obtained through sequencing, the number of repeated ditags, the resulting total tag number, the G þ C%, the overall number of unique tags and the number of tags appearing more than once in each library are shown. The overall number of unique tags in both libraries was 14 968, 4092 of which appear more than once in the two libraries pooled together. (b) The number of unique tags has been plotted as a function of their occurrence in the self-renewal library (SR, white bars) or in the 24 h differentiation library (Di, gray bars) SAGE on chicken erythrocytic progenitors F Damiola et al comparison occurs by chance (Figure 2 ) using the Z test (Man et al., 2000) . Since we have validated some of our candidate genes by real-time PCR (see below), we experimentally define the cutoff value for significantly differential genes as the largest P-value subsequently confirmed by real-time PCR. We therefore used 0.0297 as this value since it corresponds to the largest P-value of a confirmed candidate (Homogenin, see below). We are aware that this P-value increases the number of putatively interesting genes and allows false positive genes to appear.
We thereby could identify 123 differentially expressed transcripts with Po0.0297, 69 of them being downregulated during the first the 24 h of T2EC cells differentiation and 54 being upregulated (Table 1) . This shows that both gene activation and gene repression are involved in the choice between self-renewal and differentiation of T2EC cells. Nevertheless, the vast majority of the tags were equally abundant in the two libraries, suggesting that the switch from self-renewal toward differentiation in our system involves only a limited number of genes.
Tag to gene mapping in chicken
Tag identification is an open question for all SAGE experiments, but it is especially critical when the analysed species are not extensively sequenced. In the case of chicken, no software for tag to gene mapping was available. We therefore decided to construct a relational database called Identitag (Keime et al., submitted) , which would allows to connect the 'observed tags' (i.e. tag sequences experimentally obtained from the libraries) with 'virtual tags' predicted from a collection of transcript sequences (chicken mRNAs and ESTs clusters). When available, each tag will be associated with a SwissProt/TrEMBL accession number and a Gene Ontology (GO) term identifier (see below).
Identitag therefore allows a given tag to be matched to the transcript sequence from which it is derived, the putative function of this transcript and its GO classification.
Initially, we used Identitag to generate two files containing the list of observed tags with their occurrence in each library; then, the identification process was conducted (for details, see Keime et al., submitted) . As shown in Figure 3a , the resulting overall level of identification was highly satisfactory: a total of 58% of tags would be linked to either a known gene or an EST (Figure 3a) .
We next examined the percentage of identified tags as a function of their frequency in our libraries. As expected, the general tendency was that the most frequent tags were also the best identified (Figure 3b) . Notably, the tags appearing only once in both libraries were very poorly identified, in line with the fact that they may correspond to very rare mRNA species infrequent in the large ESTs sequence projects or that they can represent sequencing errors.
It is interesting to note that even among the more abundant transcripts there were several mRNAs, which remain to be identified, reinforcing the interest of SAGE analysis with respect to the discovery of new genes.
Validation of SAGE data
In order to verify our SAGE data obtained after proper tag identification, we first verified that we could find a number of expected transcripts coded by known genes including the erythroid-specific ALA-E, c-kit, GATA-1, the helix-loop-helix transcription factors Id2 and SCL. The detection of Gata-1, Id2 and Scl establish that the sequencing effort was sufficient for skimming the regions of the transcriptome containing transcription factors.
In order to validate the differentially expressed candidates identified by SAGE, we performed a realtime RT-PCR analysis first on the same RNA preparation that has been used for generating the SAGE libraries and then we pursued the analysis on mRNAs obtained from four other independent experiments (i.e. different batches of cells). We arbitrarily selected 11 candidates ( Figure 4 ) harboring P-values ranging from 1.4410 À13 to 0.0297 (Table 2) , and used the corresponding sequences (EST or cDNA) in order to design PCR primers.
The real-time PCR results obtained for b A globin, a D globin, Oxidosqualene cyclase (OSC), Replication factor C, p11, Sca-2 and Homogenin confirmed their identification ( Figure 4a , black bars). Indeed, all genes showed a similar expression variation by SAGE and real-time PCR (compare black bars with the value reported on top of them in Figure 4a ). The correspondence was less clear for the Myosin alkali light chain and 14-3-3. For these transcripts, the direction of the variation was the same, but the amplitude observed by real-time PCR was clearly lower as compared to the amplitude observed by SAGE analysis (compare black bars with the value reported on top of them in Figure 4a ). Figure 2 Comparative expression levels. The frequency for each tag is plotted on a logarithmic scale. Note that a tag with a frequency equal to zero in one library will not appear on the graph. Each point can represent one or more tags. The color-coding is based on a statistical analysis (Z-test): triangles represent the four tags having a P-value of less than 3.3 Â 10
À6
. Black squares represent the 119 tags that display a P-value between 3.3 Â 10 À6 and 0.0297. The gray squares represent all the other tags SAGE on chicken erythrocytic progenitors F Damiola et al The identification was probably erroneous for GAPDH and Transferrin receptor. Indeed, real-time PCR analysis reveals that their mRNA expression did not change during differentiation (data not shown) even in the same mRNAs used in SAGE experiments. By the anchored PCR approach, we obtained preliminary results showing that the tag sequence initially identified as Gapdh was also present in two other mRNAs (data not shown).
It was evident that for several candidates (Sca-2, 14-3-3, Replication factor C, p11), the variations between different cultures were very important ( Figure 4a , light gray bars), revealing that, even in a highly homogeneous culture such as T2EC cells, the The tag sequence, the normalized level of expression, in copies per cell, of the considered gene in both the SR and the Di libraries, the corresponding P-value calculated using the Z-test and the identification using Identitag are shown. The expression level was normalized by dividing the observed number of tags by the overall sequencing effort (17 853 for the SR and 19 736 for the Di library) and by multiplying the resulting value by 300 000, the estimated number of RNAs molecules within one cell (Velculescu et al., 1995) The tags are displayed by increasing P-value variability in gene expression between different cultures can be very high. The differential expression of the genes encoding for b
A globin, a D globin, OSC, Myosin alkali light chain, Homogenin, Sca-2 and 14-3-3 mRNAs were confirmed in the majority of experiments, suggesting their potential involvement in the self-renewal/differentiation process.
By contrast, the expression variation of p11 and Replication factor C was an event that specifically appeared in the experiment used to produce the RNAs employed to generate the SAGE libraries, but it was not a general property of all T2EC cell cultures during the first 24 h of differentiation ( Figure 4a , last two graphs). Thus, even if the tag identification was probably correct, P11 and Replication factor C did not seem to play a role in the examined process.
In conclusion, out of the 11 candidates tested we obtained five genes, the function of which could now be pursued further (in addition to b A and a D globin genes). A better identification process (essentially from more reliable transcript sequence information), as well as the anchored-PCR-based identification, should help to increase this number.
The genes identified are specifically involved in the early but not in the late avian erythroid progenitors
In order to analyse the biological role of the identified genes, we can take advantage of the existence in the avian system of several different erythroid progenitors, which can be selectively expanded in various factors and hormone combinations (Bauer et al., 2001) . Among them, the EpoR progenitors are very interesting because they can be obtained directly from T2EC cells by the expression of the murine Epo receptor and the growth in medium containing Epo, SCF, Dex, IGF1 (Bauer et al., 2001; Dazy et al., 2003) . EpoR progenitors are more mature than T2EC cells as assessed by the expression level of stage-specific surface antigens (Gandrillon et al., 1999; Wessely et al., 1999) . Furthermore, EpoR progenitors display a higher tendency to spontaneous differentiation (i.e. differentiation in the renewal conditions; Wessely et al., 1999) . Thus, a comparison between EpoR progenitors and T2EC cells will allow us to identify the genes really involved in the early progenitors self-renewal and/or in the first steps of the differentiation process.
We analysed the expression of the genes encoding OSC, Myosin alkali light chain, Homogenin, Sca-2 and 14-3-3 mRNAs in EpoR progenitors (T2EC cells expressing the murine Epo receptor and grown for 6 days in Epo medium) and in T2EC control cells (T2EC cells expressing the murine Epo receptor and growth in SR medium) (Figure 4b) . For all the genes analysed, the variation in expression observed between T2EC cells and EpoR progenitors was similar to the variation observed during the first 24 h of T2ECs differentiation (compare Figure 4a and b) , suggesting that the genes identified play a specific role in the self-renewal and/or commitment of early progenitors, but apparently not in the proliferation process present in more mature cells like EpoR progenitors.
Analysis of differential gene expression between T2EC cells in the self-renewal state and after 24 h of differentiation
Among the 69 tags more abundant in the SR library (DOWN-regulated tags), a larger fraction was identified than among the 54 tags with high accumulation in the Di library (UP-regulated tags; Figure 5 ). Thus, apparently the actual knowledge of genes highly expressed in self-renewal cells is more extensive than the information on genes upregulated during the first phase of erythrocytic differentiation in T2EC cells.
Owing to the low amount of GO annotations (see below), we searched the literature to annotate the putative functions associated with the differentially regulated genes (Table 3A and B). Among the genes upregulated during the differentiation process (Table 3A) , three tags identified globin genes including the tag with the highest differential accumulation (almost 10 times more abundant after 24 h of differentiation) that matched with the b A globin gene (Table 1) . This is in accordance with previous data showing that (Cao and Moi, 2002) . Among the other genes that could be functionally assigned, two prominent categories were represented including genes involved in signalling as well as those involved in the translation process.
We also examined the major functions represented by downregulated tags (Table 3B ). The overall metabolic A globin and Replication factor C genes, the folds of variation were represented as Di/SR ratios and they correspond to an augmentation of the corresponding mRNA during the differentiation process. In the other cases, the SR/Di ratios are represented, corresponding to a reduction of mRNA accumulation during T2EC cells differentiation. For each point, PCR reactions were performed in duplicate. The results were normalized using Elongation factor 1 (EF1) expression. (b) Real-time PCR quantification of selected genes in T2EC cells and EpoR progenitors. One out of three independent experiments is shown. The results were normalized using Elongation factor 1 (EF1) expression. Note that among the experiments, we detect variability in the range previously observed in the SR/Di experiments (data not shown) SAGE on chicken erythrocytic progenitors F Damiola et al category was the most represented, suggesting that metabolic activities could be downmodulated during erythroid differentiation process. The second most represented category was constituted, as in the case of upregulated tags, by proteins involved in the translation process, strengthening the importance of the remodelling of translation apparatus during erythroid differentiation. Numerous signalling molecules were also downregulated including Sca-2 gene and two members of 14-3-3 family. Of interest is the downregulation of the Btg-1 gene, a gene previously shown to be modulated by glucocorticoids, erythropoietin and stem cell factor in erythroid progenitors (Kolbus et al., 2003) . One should also note the downregulation of the Hmg-17 gene, a gene previously shown by SAGE to be very highly expressed in human CD34 þ cells (Zhou et al., 2001) .
Sca-2 is a TGF-b target gene
We reasoned that the five validated genes with higher expression in the self-renewal state could be target genes for factors involved in the self-renewal process. We therefore tested a few of those genes in various growth factor combinations, and we found that the expression level of the Sca-2 gene was reduced during TGF-b privation ( Figure 6 ). This result suggests that Sca-2 level was controlled by TGF-b in self-renewing chicken erythrocytic progenitor cells. This was not the case for a control gene encoding the Oxidosqualene cyclase, the level of expression of which was also reduced during the differentiation process, but which was not under the control of TGF-b (Figure 6 ). These results indicate that our SAGE approach, although not primarily designed for such a purpose, allowed the identification of target genes of specific factors.
Global analysis of transcripts in self-renewing and in differentiating T2EC cells
One of the advantages of the SAGE technique is the possibility of to obtaining a comprehensive view of the transcripts present in a cell population at a given moment. In order to obtain more global information about the transcriptome of our cells, we used the GO annotations. GO constitutes an attempt to produce controlled vocabularies (ontologies) that describe gene products in terms of their associated Biological Processes (broad biological functions), Cellular Components (subcellular structures, locations and macromolecular complexes) and Molecular Functions 
Homogenin
List of tags with their relative abundance in the two libraries (SR and Di), the observed P-value and their putative identification. For each tag, the identified sequence was used to design primers (see Material and methods) used in real-time PCR reactions Figure 5 Quantitative analysis of differentially regulated tags. The 123 tags displaying a P-value less or equal to 0.0297 (see Table 1 ) were split in to two groups: those being upregulated during the differentiation process, and those being downregulated. Of the 123 tags displaying a P-value less or equal than 0.0297 (see Table 1 ), only the annotated tags were conserved, and their function was manually annotated through the use of PubMed and/or locus link search. When the tag matched to a chicken mRNA, its identification is shown in bold. Since only a subset of gene till to date has been annotated in the GO ontology, we estimated the percentage of GO annotations that could be obtained both from all the tags and from the identified tags fraction ( Figure 7a ). As expected, the less frequent tags displayed the lowest level of annotation (Figure 7a , left panel). Nevertheless, the percent of GO annotations was pretty constant among the identified tags (Figure 7a , right panel). This GO annotation level was sufficient to allow a global analysis of the transcriptome of T2EC cells.
In order to obtain an image of the functions involved in a cell, we have to consider the list of expressed genes, each considered as a unit (without taking into account its expression level), and represent their distribution in each GO category on a graph. When we use the distribution of the genes identified by SAGE in the 'biological process' and 'molecular functions' ontologies (on each library) to obtain an image of the functions involved in our cells (Figure 7b and c) , two things were readily apparent:
1. Some functions seem to be more represented than others in T2EC cells. This is the case for 'Metabolism' (Figure 7b ), 'Binding' and 'Enzyme' activities ( Figure 7c ). This could be due to the structure and/ or the annotation level per GO category. Indeed, the number of genes classified as part of 'metabolism' or involved in 'binding activity' can be higher because these properties have been analysed for a large number of proteins, and as a consequence the corresponding classes contain globally more genes. 2. No significant difference could be detected between the two transcriptomes under study. The conclusion also hold true for all the levels analysed. We verified that a similar situation was observed when the tags were weighted by their expression level (data not shown). This clearly indicates that no major functional category changes could be evidenced by this approach. It should nevertheless be emphasized that the absence of significant category changes does not imply that the genes supporting this functional category are identical. The genes that constitute a category can change, but if their number is constant, the resulting functional category is stable.
In addition, we compared the functions involved in our cells with those obtained from CD34 þ human stem cells (Zhou et al., 2001) . Differences appear in the comparison of several GO categories between the two cell types (avian T2EC and human CD34 þ ). It was notably apparent that the CD34 þ human cells expressed more genes involved in exchanging information with their environment (categories such as 'cell communication' or 'response to external stimuli' (Figure 7b ) or 'signal transducer activity' (Figure 7c) ), whereas T2EC cells expressed a larger fraction of genes belonging to the 'metabolism' (Figure 7b ), 'enzyme' and 'transporter' categories ( Figure 7c ). This demonstrates that differences can be visualized by this approach and therefore reinforces the biological meaning of the similarity in the global expression profile observed between self-renewing and differentiating T2EC cells.
Discussion
The switch from self-renewal to differentiation in erythroid progenitors seems to be controlled by a small number of coordinated variations in gene expression levels To gain insight into the molecular mechanisms responsible for maintaining a cell in a self-renewal state, we developed SAGE libraries and established the transcription profile for the same cell population in a selfrenewing state and in a differentiating state. For this purpose, the use of a cellular model constituted of primary non-transformed cells is essential in order to avoid any alterations due to a transformation or an immortalization process. For this reason, we decided to use T2EC chicken cells. These cells have numerous advantages, the most prominent of all being that they are fully normal cells that can be grown as self-renewing progenitors and induced to differentiate in erythrocytes by the simple change of medium composition (Gandrillon et al., 1999) .
To the best of our knowledge, these are the first SAGE libraries ever made from chicken cells, thereby demonstrating that chicken is primed for postgenomics studies. The major problem in chicken data SAGE analysis is the absence of a proper tool to identify the Figure 6 Sca-2 is a TGF-b target gene. T2EC cells were plated in medium with or without TGF-b for 2 days, then their RNA were extracted, reverse-transcribed and the expression of Sca-2 and OSC was analysed. The gray bars correspond to the ratios obtained in four independent experiments. In each case, the ratio represent a mean calculated using three reference genes (NADH, T complex and hnRNP). The black bars correspond to the mean of the four ratios SAGE on chicken erythrocytic progenitors F Damiola et al mRNAs corresponding to the tags. Thus, the construction of a new relational database Identitag was an essential step toward the proper analysis of chicken libraries. It was deliberately constructed using a freely available MySQL DBMS (DataBase Management System) and can now therefore be used on any species that displays a sufficient amount of transcript information. The use of Identitag on self-renewing and differentiating T2EC cells data allowed an identification level of 58% of tags (Figure 3a) and, if we consider the 123 differentially expressed genes, this percentage goes up to 77% (with 28% of unannotated EST) ( Table 1) . This identification level can be considered highly satisfactory, even if deeper analysis of the transcriptome might allow us to isolate tags corresponding to very rare transcripts.
The analysis of two SAGE libraries made from selfrenewing T2EC cells (SR) and from T2EC cells after 24 h of differentiation (Di) (Figure 2 ) reveals that the vast majority of the transcripts were equally expressed in the two cell populations, suggesting that the switch from self-renewal toward differentiation in our system involves only a limited number of genes.
In order to easily assign a function to each identified gene, we used GO tools (Figure 7) . We thus established that the global functional transcriptome profile in the two states were hardly distinguishable. Although the use of that ontology still suffers limitations (mostly due to the limited number of annotated proteins), the results obtained clearly do not support a traditional view of the differentiation process. Indeed, contrary to our expectations, no functional category was evidenced as being either up-or downregulated during the first 24 h of the differentiation process. Thus, our results suggest that the switch toward differentiation is molecularly controlled by a (relatively) small number of coordinated variations in the expression level of genes belonging to diverse functional categories and not by a global change in the transcription profile.
The genes potentially involved in early progenitors selfrenewal can act different levels of the process
The identification of the 123 differentially expressed tags shows that most of the annotated genes have never been connected to progenitor renewal and/or erythroid differentiation (Table 1 ). Our study reveals that our knowledge concerning the genes upregulated during the first 24 h of the differentiation process seems much less extensive than we expected, considering the huge amount of studies performed on erythroid differentiation ( Figure 5 ). Indeed, among the six more differentially activated genes, one was unidentified and two corresponded to unannotated ESTs. This can be kept in line with the scarcity of this cell type in vivo, and suggests that the information actually available about erythroid differentiation does not involve the very first steps of the process. In this context, our results open the way to the identification of completely new genes involved in very early steps of the erythroid differentiation process.
The analysis of functions of annotated differentially expressed genes (Table 3) shows that signalling molecules and proteins involved in translation play a central role both in maintaining T2EC cells renewal and the initiation of their differentiation. The transcriptional regulation of genes encoding proteins involved in the translation process is an emerging pattern in numerous biological systems (Becquet et al., 2002) . In addition, during differentiation, we discovered a reduction in the expression of several genes coding for proteins involved in metabolic functions, suggesting an important role of variations in metabolic pathways during the first steps of erythroid differentiation.
The expression variation analysis of all real-time PCR-validated genes between self-renewing T2EC cells and differentiating T2EC cells is similar to the variation observed between T2EC cells and EpoR progenitors, suggesting that these genes play a role exclusively during the self-renewal of early progenitors and/or the first steps of erythroid differentiation, but that they are not required to maintain the proliferation in late progenitors. These results validate our approach and experimental procedure to identify genes specifically involved in a very early step in the choice between self-renewal and differentiation and not involved in a more general proliferation mechanism.
A more detailed gene-by-gene investigation of differentially expressed genes reveals that among the annotated downregulated genes, only few of them were already connected to self-renewal. The case of Sca-2 gene is interesting. The SCA-2 protein belongs to the Ly-6 family (low molecular weight White bars correspond to the results obtained for SR SAGE library, black bars correspond to the results obtained for Di SAGE library, and gray bars correspond to the results obtained for the analysis of the available SAGE data generated from CD34 þ human stem cells (Zhou et al., 2001) . Note than one gene can belong to more than one category, thereby resulting in an overall level of more than 100%. (c) Representation of the percentage of genes in each category of GO 'Molecular Function' classification at level 2. White bars correspond to the results obtained for SR SAGE library, black bars correspond to the results obtained for Di SAGE library and gray bars correspond to the results obtained for the analysis of the available SAGE data generated from CD34 þ human stem cells (Zhou et al., 2001) . Note than one gene can belong to more than one category, thereby resulting in an overall level of more than 100% SAGE on chicken erythrocytic progenitors F Damiola et al glycophosphatidylinositol-linked proteins) and it is expressed on hematopoietic and lymphoid cells (Antica et al., 1997) . Using our strategy we have been able to find out that the Sca-2 gene was a putative target of the TGF-b signalling pathway (Figure 6 ). To the best of our knowledge, this is the first evidence that this gene could be controlled by TGF-b and that its function could be involved in self-renewal. Since TGF-b signalling has also been shown to be important for maintaining human HSCs (Marone et al., 2002) , it could be of interest to check whether Sca-2 could also be regulated by TGF-b in those cells. It has to be noted that SCA-1, another member of the Ly-6 family, has already been suggested to regulate HSC self-renewal (Ito et al., 2003) . The functional role of SCA-2 in T2EC cells, beyond its regulation, will require more investigation.
The downregulation of Homogenin mRNA suggests a possible role for cytoskeleton modulation during erythroid differentiation. Homogenin is a member of the villin/gelsolin family, a calcium-regulated, actin-modulating protein (Heller et al., 1998) and its downregulation would be in line with the previously described gelsolin downregulation during erythropoiesis (Hinssen et al., 1987) . This critical role for cytoskeleton modification during erythroid differentiation is reinforced by our discovery of the Myosin alkali light chain downregulation. Indeed, it has been suggested that phosphorylation of regulatory light chain of myosin is likely to play important roles in controlling the morphological changes during the cell division of cultured mammalian cells (Matsumura et al., 2001) .
Another downregulated gene candidate confirmed by real-time PCR was the OSC gene. The corresponding enzyme (also called Lanosterol synthase) catalyses the cyclization step in cholesterol biosynthesis (Abe and Prestwich, 1995) . OSC activity has been proposed to be linked to the Sonic Hedgehog (SHH) signalling because of the requirement for cholesterol modification of SHH protein (Roessler et al., 1999) that was suggested to be involved in the control of hematopoietic differentiation (Detmer et al., 2000) . Thus, the putative role of the OSC protein and eventually the SHH pathway in the T2EC cells self-renewal have to be investigated further.
Numerous signalling molecules were also downregulated during differentiation including two members of the 14-3-3 family (eta and zeta subtype). 14-3-3 proteins mainly bind proteins containing phosphothreonine and phosphoserine motifs and appear to affect intracellular signalling (Yaffe, 2002) . It has been demonstrated that 14-3-3 proteins can directly interact with Raf-1 (Freed et al., 1994) and KSR (kinase suppressor of Ras) (Muller et al., 2001) , thus acting on the localization at the plasma membrane of the MEK/ERK pathway elements. This is particularly interesting because of the involvement of MEK-1 in maintaining the T2EC cell self-renewal (Dazy et al., 2003) .
Among the genes upregulated during differentiation, in addition to the globin genes (b One interesting finding of our study was that among both the up-and the down-regulated genes there was an important number (33 and 16%, respectively; Figure 5 ) of completely new transcripts ('No Match' tags) . The ability to isolate new genes is one of the most distinct advantages of the SAGE method (Boheler and Stern, 2003) . We are currently characterizing unidentified tags by GLGI (Chen et al., 2002) in order to discover such new genes.
Global transcription analysis on primary avian erythrocytic progenitors as a means to understand the switch from self-renewal toward differentiation in normal progenitor cells
The work presented in this paper is the first SAGE study conducted upon normal immature erythroid progenitor cells before and after the first steps of the differentiation process. Three comparable studies have been previously performed using ex vivo cell systems induced to differentiate.
The first study was carried out using a SAGE approach on transformed monocytic human progenitors (Piquemal et al., 2002) . This analysis generated a much larger number of differentially expressed genes (8.4% of the genes compared with 0.9% in our study when applying the same critical value (Po0.01)), accompanied with functional variations that were not observed in our case. Unfortunately, the authors advocated for but did not use the GO classification, thereby precluding a global direct comparison with our results. It is nevertheless remarkable that a primary cell system shows a lesser variation than a long-term cultivated cell line.
Two studies have been performed on p53 À/À murine erythroid progenitors. One analysed the variations in gene expression when those cells were induced to differentiate (Dolznig et al., 2001) , whereas the second one focused on the cooperative signalling by Epo, SCF and Dex upon gene expression (Kolbus et al., 2003) . It is important to underline that P53 À/À progenitors are more mature than T2EC cells and can be considered closer to the EpoR progenitors than the T2EC cells, as far as their level of differentiation is concerned (Bauer et al., 2001; Dazy et al., 2003) . In the first study, a large amount of genes showed a significant differential expression, but the analysis was conducted on a restricted set of carefully chosen targets (Clontech Atlast Array). By contrast, a relatively small percent of genes were found to be involved in the second study where a less restricted EST-based array was used. This confirms our results, suggesting that only a small percentage of gene variation is found to be involved in self-renewal versus differentiation decision-making process in erythroid progenitors. Unfortunately, also in this case, the absence of GO classification, does not allow a global direct comparison with our results.
The use of GO tools on a public SAGE library of CD34 þ allowed us to compare the functions involved in self-renewal of chicken cells with that necessary in human hematopoietic stem cells (Figure 7) . Interestingly, the results obtained with these two cell types reveal a high level of conservation, but also establish several functional differences between them. Although GO tools are improving constantly, such GO comparisons are now still much too scarce for allowing a complete confident interpretation. Nevertheless, two major sources of differences can be discussed: first, one might envisage that chicken cells are generally displaying a larger fraction of metabolic activities and a lower percent of molecules dedicated to sense and response to their environment. The answer to this question will require the production of more chicken SAGE transcriptomes, a task currently being performed in our laboratory. Second, one might suggest that this general trend results from the comparison of a bona fide multipotent stem cell with a differentiated progenitor that only kept the ability to self-renew or to engage in a monopotent differentiation process. This would be in line with the recent description that differences in gene expression, when HSCs are induced into progenitors, involves downregulation of signalling and upregulation of metabolic activities (Terskikh et al., 2003) .
Of course, a more direct gene-to-gene interspecies comparison would be very helpful in order to identify common genes. We are currently upgrading our Identitag database in order to allow such a more direct passage from chicken tag to the corresponding human tag. This will open the way for a comparative transcriptomics that could prove as instructive as comparative genomics has been.
Materials and methods
Cell culture
T2EC cells were generated from SPAFAS white leghorn chickens (PA12 line from INRA, Tours, France) as previously described (Gandrillon et al., 1999) . Differentiating cells were obtained by changing the medium of exponentially growing cells for 24 h from the LM1 medium (aMEM; 10% FBS; 1% penicillin þ streptomycin; 10 À3 M HEPES; 10 À4 M b-mercaptoethanol; 10 À6 M dexamethasone; 5 ng/ml TGF-b and 1 ng/ml TGF-b) into DM17 medium (aMEM plus 10% FBS; 1% penicillin þ streptomycin; 10 À3 M HEPES; 10 À4 M b-mercaptoethanol; 15% ACS (anemic chicken serum); 10 ng/ml of insulin) (Gandrillon et al., 1999) . ACS was prepared as previously described (Gandrillon and Samarut, 1998) . About 6 days in DM17 medium are necessary to obtain a complete differentiation process (Gandrillon et al., 1999) . Nevertheless, 24 h of differentiation are sufficient to observe modifications in the surface expression level of several markers (Gandrillon et al., 1999; Dazy et al., 2003) and a significant increase in the level of b A globin mRNAs amount (see Figure 4a ). EpoR cells were grown after infection of T2EC cells with a murine Epo-Receptor-expressing virus as previously described Dazy et al., 2003) . The expression of the Epo receptor was assessed by real-time PCR (data not shown) and the more mature state of the culture in Epo medium was assessed by the increase in expression of the b A globin gene (data not shown).
RNA isolation and cDNA synthesis
RNA extraction and reverse transcription assay were performed as previously described (Gandrillon and Samarut, 1998) .
SAGE libraries generation and data analysis
SAGE library construction was performed with 5 mg of total RNA, using the I-SAGEt kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. New PCR primers were redesigned for check steps on chicken mRNAs. cDNA synthesis verification was performed using chicken Cyclin D1 primers (5 0 -ACGCTCAGGGACTATACAGG-3 0 and 5 0 -GTCTGATGGAGTTGTCGG-3 0 ; AT¼ 621C) and chicken Cyclin D2 primers (5 0 -GTGCTAGTAAGCAACCT TAGGC-3 0 and 5 0 -GAACAAGCCTGACTTTCTGTGC-3 0 , AT ¼ 551C). NlaIII digestion verification was performed using chicken Cyclin D1 primers and chicken c-rel primers (5 0 -CTGCTCGAATTCAAGCTTCT-3 0 and 5 0 -CCAGTTCT TTAATTACCAAACC-3 0 . AT ¼ 551C). Linker ligation and BMSFI digestion verification was performed using the DTP-1 and DTP-2 primers provided with the I-SAGEt kit together with one Cyclin D2 primer. Concatemer clone sequencing was performed by Genome Express (Meylan, France).
Ditags were extracted from the raw sequences using the SAGE 2000 Version 4.12 software (a kind gift of Dr Ken Kinzler, available at http://www.sagenet.org/Software/software2000.htm.). Total GC percentage was estimated using the eSAGE program (Margulies and Innis, 2000) .
Transcriptome comparison
The statistical analysis was performed using an in-house implementation of the Z-test (Kal et al., 1999) . The graphic representation was obtained using the graphical output of R (http://www.cran.r-project.org).
Tag identification
Tag identification was performed using Identitag, a relational database that uses MySQL DBMS, the complete description of which will be made in a separate paper (Keime et al., submitted) . Annotation of transcript sequences was carried out using BLASTX algorithm on the protein databases Swissprot and TrEMBL. Proteins that annotate transcripts are connected with their GO annotations by GO annotations at EBI (http://www.ebi.ac.uk/GOA/).
The transcript sequences used for tag identification were obtained through the SIGENAE program, which compiles all existing public chicken ESTs together with those produced by the INRA national AGENAE program. In addition to that we used chicken mRNA sequences from Genbank.
The GO (http://www.geneontology.org/) categories were visualized using FatiGO (http://FatiGO.bioinfo.cnio.es/). We wrote a Perl script in order to weight FatiGO results according to the occurrence of the corresponding tag in the considered library. For generating the GO image of the human CD34 þ stem cells, we used the 4348 SAGE tags that matched to a single UniGene cluster and that appeared more than once in the library from the supporting Table 7 ( (Zhou et al., 2001 ); 5261Table7.xls). The corresponding Unigene cluster numbers were then fed in the FatiGO program.
Real-time PCR
Real-Time PCR was performed with a LightCycler system (Roche) using the Quantitectt SYBR s Green PCR kit (Qiagen) for SR/Di quantification and the LightCycler FastStart DNA Master SYBR Green I (Roche) for EpoR and TGF-b analysis, according to the manufacturer's instructions. Primer design was carried out using the Primer3 software system (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). For information about the specific PCR conditions and primers sequences used, please contact the authors.
Methods for real-time PCR quantification
The crossing point values were obtained using the LightCycler software (v 3.5.3 Roche). The quantification of each independent experiment was carried out using the LightCycler software. The global quantification for each gene was performed using a previously published mathematical method (Pfaffl, 2001) . For validation purposes, a statistical analysis was performed using the randomization test (2000 assays) implemented in the REST software (http://www.wzw.tum.de/ gene-quantification/rest.html).
Supplementary material
The complete lists of tags for both libraries as well as the comparison of the two transcriptomes are available as excel files at the web site http://www.cgmc.univ-lyon1.fr/Gandrillon/Damiola1.html.
